We develope a simple method to stabilize the beam during propagation. Combination of the self-developed control module and the large diameter mirrors reconstruct the beam stabilization system, and some important procedures are presented, such as calibration and average filter. The results show that the horizontal pointing and vertical pointing are stabilized to within 8.43 and 7.59 µrad, and the beam horizontal position and vertical position are stabilized to within 2.16 and 2.11 µm respectively. The regulating time is within 84 ms. Thus the method presented is effective for the current stabilization system applied in lithography tools.
Variations in laser beam pointing or position can be a serious problem and maintaining a stable beam is a crucial element in many laser-based applications, such as medical treatment [1] , industrial processing [2] , writing fiber Bragg gratings [3] , interferometer measurements [4] , inertial confinement fusion [5] , high-resolution radiography using laser produced X-rays [6] , optical tracking [7] , scanning beam interference lithography [8, 9] , high-power laser [10] , optical nonlinear index measurements [11] , fiber lasers [12] , and so on. Actually, fluctuations of laser beam position and pointing have existed along the large propagation paths from the light source to the target plane due to the thermal expansion and contraction of the optical elements and even vibration of platform. Generally, the beam stabilization is used to correct either the beam pointing deviation or the beam position deviation [13−15] . If the pointing and position deviation are restrained simultaneously, a complicated control algorithm is required due to the coupling between pointing and position [9, 16] . For the existing stabilization setup, fast steering mirrors (FSMs) with the small diameter are adopted to direct the beam, and commercial acquisition module for example the National Instruments board to achieve the signal from the sensors. Some systems require a sophisticated procedure on the laser beam and cannot be applied to long distance applications [17] . While nrad stabilization over kilometers of distance has been achieved [18] , key components such as the phase modulator and beam recycling cavity cannot be applied to the actual lithography tools. In the earlier work, in order to perform the verifying experiment, our group has also established a beam stabilization system to correct the pointing and position drifts simultaneously by using matrix algorithm [16] . However, in the actual lithography tools, because of the long transmission path (∼20 m), and the large spot size (∼1 inch diameter), and the instability of the pointing and position of ArF laser, the large diameter mirror is required. Besides, for the sake of being integrated with the whole lithography tools, self-developed control system and simple algorithm are essential.
In this work, we adopt a laser diode (LD) as the light source and the large diameter FSMs (φ75 mm) provided by Fan group of the National University of Defense Technology (NUDT), and develop a data acquisition and control unit based on the TMS320F2812 chip to reconstruct the beam stabilization system. Also, we propose a simple method for the stabilization system which can reduce the standard deviation for beam position and pointing further and show less regulating time because of more directly controlling than that of the matrix algorithm. As a result, the stabilization performance can satisfy the requirements of the lithography tools, and the key components and the modified method also can be installed into the lithography tools directly. The reconstructed beam stabilization is presented in Fig. 1 , which includes the laser source, the beam steering unit (BSU), the beam measurement unit (BMU), and relay optical element. The laser source goes through few relay optical elements to the FSM-1 and FSM-2 of the BSU and then only 5% beam is directed into the BMU that can measure the beam pointing and position directly [16] . The FSMs have same performances including angular range about +10 mrad and 5 µrad resolution, and 10 µrad repeatability and 250 Hz closed-loop amplitude bandwidth.
The layout of the experiment (Fig. 1 ) described in this letter is the same as that used in Ref. [19] , but it occurs that proposing an optimal stabilization method as a replacement of the matrix algorithm, which is running in our self-developed control module as shown core board in Fig. 1 . Besides, compared with the small diameter mirror, the FSMs bearing the larger and heavier mirror have slower response and worse accuracy. In order to overcome these differences, and to improve the performance of the steering system, we make better control methods. The control system for implementing beam stabilization is illustrated in block diagram in Fig. 2 . Position sensitive detectors (PSDs) in the BMU sample the beam pointing drifting and displacement deviation. PSDs processing circuits and A/D conversion circuits digitize the sensor signals and feed them to the controller. Algorithms in the controller process the sensors data and generate commands to move the FSMs. Each FSM has two axes, allowing us to independently control the four beam stabilization errors.
It can be seen that the BMU can achieve the beam pointing and position drifts which is just the right aim for beam stabilization. Therefore, we can take a consideration if the control process gets quicker and easier through achieving the beam drifts directly than that of using matrix algorithm. After the beam drifts measurement and proportion conversion, we can obtain the control command for the BSU. Figure 3 shows the beam correction fundamental principle. If one defines the mirror rotating angle θ and the distance H between the mirrors in Fig. 3 , the beam pointing change ∆θ and position displacement ∆x can be given by
where F f and T are the beam pointing conversion proportion and the beam position conversion proportion. Note that the negative sign in Eqs.
(1) and (2) occurs because the drifts require the FSM angles are 180
• out of phase with the drifts. Combination of the proportion relationship between BSU and BMU, we can achieve the control signal directly and quickly.
When rotating the mirror to correct beam pointing, there is an undesirable position displacement on the PSD of measuring position. Therefore, we choose FSM-2 which is closer to the output plane for achieving beam pointing correction to reduce the coupling.
Besides, Each FSM has two rotating axes to control the vertical and horizontal beam independently. In fact, there have existed coupling between two rotating axes which has an influence on the system bandwidth. This can prove that during the steering processing, coupling will be convergence as regulative time increasing.
It is hard for the beam stabilization to achieve the precise distance H in the BSU, and the relationship between the beam pointing and position and the output of PSDs in the BMU mentioned in Eqs. (1) and (2) . Then the BSU and BMU can be considered into a black box so that we can just care about the input and output relationship of the box, where the input is rotating angle of FSMs (θ pointing , θ position ) and the output is the signal of PSDs (x pointing , x position ). A calibration procedure should be performed to get the relationship between input and output.
Calibrating the pointing path begins by sending an angle sequence command θ pointing to steer the FSM-2. The result x pointing presented in the pointing detector PSD will be recorded so that we can recognize the pointing linear relationship between rotating angle of FSM-2 and the result in pointing detector. Thus, the slope F of the linear relationship can be achieved by
Before calibrating position path, zeroing the two FSMs is necessary. Now applying the same angle sequence command θ position steers the FSM-1 and FSM-2 simultaneously. Similarly, the result x position presented in the position detector PSD will also be recorded. A linear relationship similar to the pointing linear relationship can be obtained, and the slope Γ is given by
The calibration process can incorporate filtering, for example changing the angle sequence multiple times and averaging the results. So far the stabilization can be carried out.
For the current application, the white noise is the dominant noise source in BMU, which has a main influence on the beam stabilization performance due to the pointing and position measurements deviation. It is taken into consideration that the simple algorithm is needed in the self-developed control module during the stabilization process. The average filter is adopted to reduce the influence of the white noise on the data acquisition of the beam pointing or position samples.
The expression or the model of average filtering is often analyzed to demonstrate how to decide the indexes, such as sampling times and sampling period. The aver-
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age filtering can have an expression description
where y(k) and x(k) are output and input samples for the filter, and N is the sampling times. After Z transform of Eq. (5), the frequency expression of the filter can be giuen by
Then, the frequency response A(w) and the phase frequency response ϕ(ω) related to N and T can be achieved from Eq. (6) A
It is obvious that the phase variation is linear with regard to the sampling times N and the sampling period T . Thus, there is no delay among the different frequency signals. Figure 4 demonstrates the frequency response A(ω) for the different frequencies.
Comparison of Figs. 4(a) and (b)
indicates that the low-pass bandwidth will decrease with increasing the sampling times N . We adopt N =30 and T =0.001 s for the stabilization system to restrain the white noise.
Here, we can apply the way mentioned in Eqs.
(1) and (2) to calculate rotating angle for the actuator of FSMs. The detail feedback control procedure can be referred to Fig. 5 . Here ∆θ 1 , ∆θ 2 are computed to produce the rotating angle of FSM-1 and FSM-2 every time, x position is the beam real-time position, x pointing is the beam realtime pointing, x reference1,2 are the position and pointing required. According to the program of beam stabilization in Fig. 5 , a stable beam can be achieved. It can be seen that the correct algorithm and the filter method are simple and easy to implement. Combination of all the procedures above and even PID algorithm for FSMs [20] , the whole stabilization process including filtering and calculating rotating angle is easy and simple.
Whereas the beam path and mechanical vibrations of optical devices can be reduced further by changes in the applied setup, the noise in the light source cannot and so determines the most magnitude of the deviation. Figure 6 shows that the beam pointing and position wander in the horizontal and vertical direction over a 20 min period and the frequency spectrum of those drifts by the Welch average method without the external interference. The spectrum shows that the beam drift appears to be a low frequency noise with major frequency components lower than 1 Hz. This indicates that the typical movement the feedback system must respond to is the slow drift of the light source. The standard deviations of the beam pointing and position are presented in Table 1 .
Hence, the stabilization method and process mentioned can be applied to the beam stabilization system to reduce the standard deviation and correct the beam pointing or position.
We have achieved the beam stability of about 8.43 µrad for the xpnt and 7.59 µrad for ypnt, and 2.16 µm for the xpos and 2.11 µm for the ypos (both 1σ) when the closeloop control system only compensates for the light source drifting, which shows that it is possible to use the feedback system to reduce the angular and position standard deviations. To understand the performance by using the method furthermore, it is necessary to plot the target figure which is given by Fig. 7 .
First of all, the beam pointing and position are corrected to the center of the target from the closed to center or the fringe of target, which is the fundamental function for the stabilization system. It can be seen that the beam pointing and position almost all are located in the red circle for the threshold the stabilization processes set up except for initial deviation. This indicates that the modified system can satisfy the beam stabilization requirements, such as accuracy and repetition. Figure 8 shows the regulating times of correcting the single error from the system mentioned in Ref. [19] to the current system, where the two systems only have a difference about the stabilization method. The regulating time can be shortened from 110 to 84 ms. Compared with the results of the stabilization system in Ref. [19] using the matrix algorithm achieving, the angular standard deviation can be reduced to 4.2 µrad, and the position standard deviation can still keep the remained station.
However, it is not enough to only correct the beam error due to the light source drifting. One can insert a plane or a wedge, and rotate the plane to simulate the beam position drifts, and rotate the wedge to simulate the beam pointing drifts during the beam stabilization. Figure 9 shows the results the system can achieve for implementing the extra disturbances. stabilization results from the PSDs where the red rectangular denotes the introduction of the external interference. For the pointing errors, the system can correct them quickly, while the delay appearing for the position errors correction is concerned on the continuous introduction of the position errors. In a word, the stabilization system can also correct the beam drifts which come from external disturbance of position and pointing.
In conclusion, the current beam stabilization system for implementing the simple method can provide a better performance than that of utilizing the matrix algorithm obtaining under using the same hardware system. The results shows that the system using the current method can satisfy the requirements in lithography tools, such as the pointing error less than 50 µrad, the position error less than 0.5 mm, and regulating time less than 200 ms. Besides, the control program can also be simplified greatly with the simple way. Thus the method presented in this letter is effective for the current stabilization system applied in lithography tools and the key components that include BSU and BMU can be installed into lithography tools directly.
